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De JONG, G. I., P. A. NABER, E. A. VAN DER ZEE, L. T. THOMPSON, J. F. DISTERHOFr AND P. G. M. LUITEN. Age-related 
loss of calcium binding proteins inrabbit hippocampus. NEUROBIOL AGING 17(3) 459--465, 1996.--Using immunocytochemistry 
hippocampal levels of the calcium binding proteins calbindin 28K (CB) and parvalbumin (PV) was studied in young (1 month) to very 
old (60 month) Albino rabbits. Young (3 month) and senescent (30 month) Wistar rats were also examined to compare the distribution 
and age dependency of PV and CB in both species. The distribution of PV-ir is similar in the rabbit and rat hippocampus. Aging in 
both species yielded a small oss of PV-ir in axon terminals. The presence of CB-ir interneurons throughout the hippocampus, and the 
heavy investment of the dentate gyrus (DG) granular cells with CB-ir was also similar in both species. In rabbits, the number of CB-ir 
interneurons inthe CA1, as well as the density of CB-ir in the DG decreased inthe first year of life, and did not change between 12--48 
months of age. A secondary reduction in the density of CB-ir in the DG was observed at ages beyond 48 months. A similar loss of 
CB-ir in the DG occurred in the rat. In the CA1, however, the density of CB-ir was similar in young and aged rats. Another emarkable 
finding was the total absence of CB-ir in CA1 pyramidal neurons of rabbits at any age. Thus, the distribution and age dependency of
PV-ir in the hippoc~unpus is imilar in both species. The decline of CB-ir in the DG with advancing age is very prominent and may 
be related to an altered calcium homeostasis in these cells. However, the absence of CB-ir in the CA1 of rabbits makes a causal role 
for CB in the functional decline of CA1 pyramidal cells during aging unlikely. 
Calbindin 28K Parvalbumin Immunocytochemistry Aging Hippocampus Rabbit Rat 
CALCIUM ions are of key importance to neuronal signal trans- 
duction as intracellular second messengers, and are involved in a 
wide variety of different neuronal processes (30). For optimal cell 
functioning the intracellular Ca 2+ concentration is maintained 
within a narrow range by homeostatic mechanisms. An uncon- 
trolled sustained elevation of free Ca 2+ ions is toxic to neurons and 
may eventually lead to cell death (33). Neurons possess several 
control mechanisms to prevent such a calcium overload. Besides 
storage in cellular organelles and extrusion of Ca 2+ ions by cal- 
cium pumps and ionic exchange (30), neurons contain specific 
proteins uch as parvalbumin (PV) and calbindin-28k (CB), which 
transiently bind calcium ions with a high affinity (3). 
Since the introduction of the calcium hypothesis of aging by 
Khachaturian i  1984 (16), numerous reports have confirmed ys- 
function of neuronal calcium homeostasis during aging. An in- 
creased calcium content in whole brain homogenates (24), and a 
persistent, elevated concentration of free calcium ions in brain 
synaptosomes (24) and in dorsal root ganglion cells (17) have 
recently been demonstrated in aged rats. Besides a reduced cal- 
cium storage (9) and calcium extrusion capacity (22,23), electro- 
physiological evidence indicates increased calcium influx through 
L-type voltage-sensitive calcium channels in hippocampal CAI 
neurons of aged rats and rabbits (20,26,27,29,36). 
To date, studies concerning aging-related alterations of the con- 
tent of neuronal calcium binding proteins (CaBP) in the hippo- 
campus have reported variable results, either describing no change 
(14,25) or a decrease (18,21,38) in CaBP levels. Earlier studies 
demonstrated that the rabbit hippocampus i an attractive model 
for the investigation of aging-related neuronal mechanisms (5,6, 
26,27), notably of processes underlying learning and memory. For 
this reason we examined alterations in the immunoreactivity for 
PV and CB in different hippocampal subregions across a large age 
range of New Zealand Albino rabbits starting in the early postnatal 
period up to a presumably senescent age at regular age intervals. 
The immunoreactivity for both CaBPs was also studied in young 
and senescent rats in order to compare the distribution and age 
dependence of PV and CB in both species. 
METHOD 
In the present study the immunoreactivity for CaBPs (CaBP-ir) 
was determined in the hippocampus of female New Zealand Al- 
bino rabbits aged 1, 3, 6, 12, 24, or 36 months (each group n = 6). 
Moreover, we examined CaBP-ir in four very old (48 month) and 
two extremely old (60 month) rabbits. Impaired learning in rabbits 
has been reported as early as 24-30 months (11,37). Because rab- 
bits may live for up to 8 years (8) we refer to our older rabbits as 
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aging rather than senescent. The pattern of CaBP-ir in rabbits was 
then compared to that in young adult (3 month) or senescent (30 
month) male Wistar rats. All animals were regularly checked to 
ensure good physical health. 
Immunohistoehemical Procedures 
All animals were deeply anaesthetized with a combination of
Ketamine (0.35 ml + 0.44 ml/kg) and Xylazine (0.1 ml + 0.066 
ml/kg) (rabbits) or with 6% pentobarbital (rats). Subsequently, the 
animals were transcardially perfused with a prerinse of heparinized 
saline, followed by a fixative containing 3% paraformaldehyde, 
0.05% glutaraldehyde, and 0.2% picric acid in 0.1 M phosphate 
buffer (PB). Brains were cryoprotected overnight at 4°C in 30% 
buffered sucrose. Coronal sections (20 txm) of the anterior portion 
and horizontal sections (20 txm) of the posterior part of the hip- 
pocampus were cut on a cryostat microtome and collected in 0.01 
M phosphate-buffered saline (PBS). The sections were rinsed at 
least four times between each antibody incubation step with PBS 
plus 0.5% Triton-X-100 in all immunostainings. Prior to the first 
antibody incubations, the free floating sections were exposed to 
0.01% H202 for 15 min and 5% normal sheep serum (NSS, Jack- 
son) for 30 min at room temperature (RT) to suppress nonspecific 
immunostaining. Then, alternate brain sections were incubated 
overnight at 4°C with the primary monoclonal ntibodies (both 
from Sigma) mouse IgG antiparvalbumin (immunogen carp 
muscle parvalbumin; 1:2000 in PBS) and mouse IgG anticalbin- 
din-28K (immunogen chicken gut calbindin-D 28K; 1:400 in 
PBS). Both antibodies have been extensively characterized, and 
recognize the calcium bound conformation of PV or CB (1,2), a 
property that is preserved across species. After rinsing, sections 
were again incubated for 30 min in 5% NSS and exposed to bio- 
tinylated sheep antimouse IgG (Amersham, 1:200 in PBS, 2 h at 
RT) and streptavidin-HRP (Zymed, 1:200 in PBS, 2 h at RT). 
Finally, the tissue-bound peroxidase was visualized by reaction 
with diaminobenzidine (30mg/100 ml Tris) and 0.01% H202, and 
the sections mounted for light microscopic inspection. Standard 
control experiments were performed by omission of the primary 
antibodies, yielding absence of any detectable immunolabeling. 
The immunocytochemistry was performed in parallel to avoid 
a high level of variation in immunostaining between individual 
cases. Series of sections of animals of a given species of all dif- 
ferent ages tested were processed simultaneously in the same an- 
tibody solutions and under the same incubation conditions. 
Quantitative Analysis 
Three (in rabbits) or two (in rats) sections from each animal 
were used for quantitative analysis of the dorsal hippocampus, 
with emphasis on the CA1 and dentate gyrus (DG). The number of 
parvalbumin immunoreactive (PV-ir) intemeurons was counted in 
the total area of both CA1 and DG. Also, the number of CB-ir 
interneurons was determined in the rabbit hippocampal CA1. The 
boundaries of the inner blade of the DG was defined by an imag- 
inable line that makes a 90 ° angle with the end of the (good 
recognizable) granular cells. The boundaries of the CA1 regions 
were determined by a) a similar line at the site of the thickening of 
the pyramidal cell layers at borders with CA2 and subieulum (in 
the case of PV-ir) and b) at the site where the innervation fCA2/3 
cells by CB-ir mossy fibers is absent and where the pyramidal cells 
layer becomes thicker and stained at the site of the subiculum. 
Within these boundaries the immunopositive c llbodies were 
counted, which gives an estimate of neuron umber. Cell counts 
are not determined per area because of growth of the brain during 
development and aging. An estimation ofneuron umber are, thus, 
a better measure to overcome the effects of brain volume increase. 
The size of transverse sections were standardized by level of cross- 
section according to atlas coordinates [rats: bregma level -3.3 
according to the atlas of Paxinos and Watson (28); rabbits: coronal 
section 58 according to the atlas of Shek et al. (32)]. The examined 
sections were chosen according to these atlas coordinates, and due 
to standardized cutting procedures the analyzed sections were 400 
Ixm apart. 
Further, the intensity of immunolabeling forboth PV and CB 
was determined in the hippocampus bymeasuring the optical den- 
sity (OD) using an image analyzing system (Zeiss, IBAS). OD was 
expressed in arbitrary units corresponding to gray levels, and was 
determined in the pyramidal (CA 1) and granular (DG) cell layers. 
In case of PV-ir within the principal cell layers, only the OD of 
PV-ir axons and terminals (and not PV-ir cell bodies) were in- 
cluded in the measurement area. In sections tained for CB also the 
OD of the molecular layer of the DG and of the mossy fiber 
pathway was measured in the stratum lucidum of the CA3. For PV, 
the background labeling value was measured in the corpus callo- 
sum, which was considered to be devoid of specific immunopre- 
cipitate. For CB, the OD value for the background staining was 
assessed in the stratum oriens of the CA1. For both PV and CB the 
OD of the area of interest was related to the background value by 
the formula [OD(area)- OD(background)/OD(background)] x 100, 
thus normalizing the variability in background staining among 
sections (7). 
The mean values from the youngest animals (1 month rabbits or 
3 month rats) were used as baseline for an adequate comparison 
between the effects of aging in rabbit and rat brain. All other 
values are expressed as a percentage of this young age baseline 
level. Standard errors of the mean were calculated from the (two or 
three) section measurements from all animals per group, and thus 
indicate the level of variation between the different animals within 
one group. All data were statistically evaluated using one-way 
analysis of variance (ANOVA), which was, in the case of signifi- 
cant group differences, followed by a Student t-test corrected for 
the use of multiple comparisons. 
RESULTS 
Parvalbumin 
The distribution of PV-ir in the hippocampus of young adult 
rabbits appears to be similar to that in the young rat hippocampus. 
PV was selectively present in nonprincipal neurons in all hippo- 
campal subregions, which is in agreement with earlier descriptions 
(3). In the CA1, almost all PV-ir perikarya were situated in the 
strata pyramidale and oriens, with their varicose dendrites extend- 
ing into the strata radiatum and oriens. The axons of PV-ir inter- 
neurons enmeshed the cell bodies of the immunonegative CA I 
pyramidal cells (Fig. 1A). In the dentate gyrus (DG), most of the 
PV-ir cells were localized in the subgranular l yer and hilar region. 
Their dendritic processes can be followed into the hilus and, less 
prominently, into the molecular layer. As for the principal ceils in 
the cornu ammonis, the immunonegative granular cells situated 
close to the molecular layer were embedded ina dense network of 
PV-ir axons and terminals. However, granular cells close to the 
hilus were not only devoid of immunoreactivity, butwere also not 
innervated by an axosomatic plexus of PV-ir fibers (Fig. 1B). 
The estimation of the number of PV-ir neurons in the hippo- 
campal CA1 remained stable across the age range studied in rab- 
bits (Fig. 2A), whereas in the DG a small but significant loss of 
PV-ir neurons was observed at ages of 12 months and older (Fig. 
2A; ANOVA; p < 0.030). The relative optical density of PV-ir of 
the pyramidal and granular cell layers represents the density of 
PV-ir innervation upon these immunonegative principal cells. In 
rabbits, this density was not significantly altered with advancing 
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FIG. 1. Photomicrographs of l:he distribution of parvalbumin mmunore- 
activity (PV-ir) in young adult rabbits. (A) In the CA1 region PV-ir inter- 
neuronal cell bodies (arrows) are mainly localized in stratum oriens (or) 
and stratum pyramidale (pyr) with dendrites (arrowhead) extending into the 
stratum oriens and radiatum (rad). Nonlabeled pyramidal cells are en- 
meshed by PV-ir axons. (B) Granular cells (gran) in the DG are embedded 
within PV-ir axons. Labeled interneurons (arrow) are extending dendrites 
into the hilus (hil) and, most aotably, into the supragranular zone of the 
molecular (mol) layer. 
age (Fig. 2B). Note, however, the apparent decline in density of 
PV-ir axons and terminals in both CA1 and DG in the two very old 
rabbits (Fig. 2B, 60 months). 
In our hands, the estimation for number of PV-ir neurons in 
both CA1 and DG did no1: differ between young (3 month) and 
aged (30 month) rats (Fig. 3A). On the other hand, the relative OD 
of PV-ir in the CA1 pyranfidai and in the DG granular cell layer 
was significantly reduced in the aged rats (Fig. 3B; ANOVA; p < 
0.006 and p < 0.034, respectively). 
Calbindin-28K 
Unlike for PV, the imrnunocytochemical localization of CB in 
the hippocampus differs considerably among species (13). Figure 
4 gives an overview of the hippocampal and parahippocampal 
regions in the adult rabbiLt brain stained for CB. In the cornu 
ammonis of the rabbit, the CA2-4 areas are characterized by the 
absence of immunoprecipitate in the pyramidal cells (Fig. 4). In 
the CA1, almost all pyran~Ldal cells also remain unstained (Figs. 4 
and 5B); however, CA1 pyramidal cells close to the subiculum 
display moderate CB-ir (Fig. 4). Moreover, the stratum pyramidale 
of the subiculum itself reraains immunonegative, whereas a high 
number of densely CB-ir neurites are present in the pre- and para- 
subicular egions (Fig. 4). A small number of interneurons was 
darkly stained throughout the hippocampus, most prominent in the 
alveus and stratum oriens of CA1 (Figs. 4 and 5B). 
DG granular cells were intensely immunoreactive for CB in 
young adult rabbits (Figs. 4, 5A, and 6A). In contrast to rats, where 
all granule cells contain CB with no obvious differentiation i
intensity (Fig. 6C), the granular cells lining the hilus in rabbits 
were more darkly stained for CB than cells closer to the molecular 
layer (Fig. 6A). The supragranular l yer could be identified by the 
very high density of CB-ir dendrites in close proximity to the 
granular cells (Fig. 6A). Moreover, based on the density of CB-ir 
dendrites the dentate stratum moleculare of the rabbit could be 
subdivided into three layers of which the middle one third dis- 
played the highest intensity of immunolabeling (Figs. 4, 5A, and 
6A). The latter subdivision was not present in the dentate molecu- 
lar layer of the young adult rat (Fig. 6C). The mossy fiber pathway, 
that consists of the axonal projections from DG to CA3, was also 
visualized in the rabbit hippocampus (Figs. 4 and 5C). 
With aging in rabbits the estimated number of CB-ir interneu- 
rons throughout the CA1 gradually and significantly decreased to 
47% of young values at the age of 60 months (Fig. 7A; ANOVA; 
p < 0.001). The intensity of CB-ir in the DG granular cells, in their 
dendrites in the molecular layers, and in their axons in the mossy 
fiber pathway also markedly declined with advancing age (Fig. 7B; 
ANOVA;p < 0.018,p < 0.0001 andp < 0.0001, respectively). This 
reduction was most prominent in the first 12 months, whereafter a 
plateau was reached. This level was maintained between 12 and 48 
months. Thereafter (48-60 months of age) CB-ir further decreased 
to only 30--40% of the density seen at 1 month (Fig. 7B). The 
differential distribution of CB within the granular cell layer dis- 
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FIG. 2. (A) The relative number of PV-ir interneurons in the CA1 and in 
the DG, and (B) the relative OD of PV-ir in the CA1 pyramidal cells layer 
and in the DG granular layer through alarge age range of rabbits (in mean 
+_ SEM, with the mean value of rats aged 1 month adjusted to 100%). 



















FIG. 3. (A) The relative number of PV-ir interneurons and (B) the relative 
OD in the CA1 and DG of young (3 month) and aged (30 month) Wistar 
rats (in mean _+ SEM with the mean value of young controls adjusted to 
100%; *p < 0.05, **p < 0.01). 
FIG. 4. Horizontal section of the hippocampal nd parahippocampal re-
gions within the rabbit brain stained for CB. The dentate gyms (DG) 
exhibits a very dense staining pattern. Immunopositive mossy fibers (ar- 
row) arise in the dentate granular cells and innervate the CA3 pyramidal 
cells, which are devoid of CB-ir. In the CA1 region only the pyramidal 
cells close to the subiculum (S) display CB-ir (arrowhead), whereas pyra- 
midal cells in the subiculum itself remain unstained (open arrow). In the 
pre- and parasubiculum (PS) densely CB-ir neurites can be detected. 
ered pattern of the dentate stratum moleculare also became less 
prominent in older rabbits (Fig. 6B). A significantly reduced stain- 
ing intensity was observed in the DG and in the mossy fibers of 
aging rats, as well (Fig. 8; ANOVA; p < 0.001 and p < 0.0001, 
respectively). In contrast, the optical density of CB-ir of the rat 
CAI pyramidal cell layer did not show any aging-related alter- 
ations (Fig. 8). 
DISCUSSION 
The immunoreactivity for the CaBPs parvalbumin (PV) and 
calbindin (CB) in hippocampal neurons was determined by use of 
measurements at multiple time points through a significant portion 
of the lifespan of rabbits. The data obtained from young and aged 
rats were mainly used to compare the distribution of PV- and CB-ir 
between rabbit and rat, and to establish similarity in the age-related 
changes of these CaBPs in the two species. 
PV and CB are present in separate subsets of GABA-ergic 
interneurons throughout the rat hippocampus, with no coexistence 
of both proteins in the same cell (3,15,19). The localization of both 
PV- and CB-ir intemeurons in the rabbit hippocampus closely 
resembles that in the rat (3). The present study suggests that in 
rabbits especially the number of hippocampal CB-ir interneurons 
decreases with advancing age, whereas the number of PV-ir neu- 
rons did not change. Similarly, a stable population of hippocampal 
PV-ir intemeurons was observed when young and aged Wistar rats 
were compared, which is in agreement with earlier studies (25). 
Data obtained from human cerebral neocortex also indicates that 
PV-ir interneurons are resistant against degeneration during aging 
and in Alzheimer's disease (12). 
However, cell number is not a parameter that gives reliable 
information on subtle intracellular neurochemical or cytoarchitec- 
tural alterations. In this respect, the presence of CaBPs in cellular 
domains uch as dendritic processes and axons and terminals may 
supply meaningful insight regarding the presence of such proteins 
in cellular regions that dynamically buffer intracellular Ca 2÷. The 
optical density of PV-ir in the pyramidal and granular cell layers in 
the rabbit and rat hippocampus provides a detailed estimation of 
the density of PV-ir axons innervating hippocampal principal cells. 
A 
FIG. 5. Photomicrographs of detailed localization of calbindin 28k in the 
hippocampus of rabbits. (A) In the DG the granular cells (gran) are darkly 
stained, and also the dendrites in the molecular layer (mol) show an intense 
immunoreaction. (B) Darkly stained interneurons are found in the stratum 
oriens (or) of the CA1, whereas the CA1 pyramidal cells (pyr) are devoid 
of immunoprecipitate. C) The infrapyramidal mossy fibers (MF) are promi- 
nently labeled. 
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drites (i.e., molecular layer) and axons (mossy fibers) are heavily 
invested with CB-ir. The high levels of CB-ir in the very young 
rabbit hippocampus may point to an important role for this protein 
during development of the hippocampus. Between 12 and 48 
months of age the density of CB-ir did not change. At ages beyond 
48 months a secondary reduction in the level of CB-ir was ob- 
served. In view of the biphasic loss of CB-ir, it is worthwhile to 
emphasize that the first reduction phase (1-12 months) was more 
prominent in the neurites of granular cells, for instance, the mo- 
lecular layer and the mossy fibers, whereas the second reduction 
phase was equally severe in the granular cell bodies and in their 
neurites. The latter implies that the content of CB protein through- 
out the dentate gyms granular cells is decreased in old rabbits. 
These findings corroborate qualitative observations from others 
suggesting that the intensity of CB-ir in the granular cells (7) and 
mossy fibers in rat is decreased uring aging (21). We also ob- 
served conspicuously ower optical density values for CB-ir in the 
dentate gyms of aged rats. These data indicate that aging-related 
changes in the neuronal CB content in the dentate is similar in 
rabbit and rat. 
Previous studies demonstrate that morphological alterations 
during aging in the hippocampus, uch as loss of synapses, most 
consistently occur in the dentate gyms granular cells (10). This 
aging-associated loss of synapses in rats can be prevented by 
chronic administration of L-type calcium channel blockers (4), 
indicating arole for intracellular calcium ions in the aging process. 
Using an electrophysiological approach, Reynolds and Carlen also 
obtained evidence for an increased intracellular calcium concen- 
tration in dentate granular cells of aged rats (31). Thus, a relation 
FIG. 6. Photomicrographs of CB-ir in DG of young adult (left panel) and 
aged (right panel) rabbits (A+B) and rats (C+D). (A) The granular cells 
(gran) of the DG are darkly sLained, and also their dendrites in the mo- 
lecular layer (mol) are heavily invested with immunoprecipitate in the 
rabbit. Note that he granular cells lining the hilus are more densely stained, 
and also the middle third of tile molecular layer is characterised by very 
intense immunolabeling. (B) The CB-ir in DG granular cells (gran) and 
molecular layer (mol) is prominently reduced in aged rabbits. (C) CB-ir 
distribution in the rat DG is more equally distributed throughout either the 
granular or the molecular layer, and (D) the CB-ir in the DG of aged rats 
is also reduced when compared to young controls. 
In both CA1 and DG the de:asity of PV-ir axons and terminals does 
not alter with advancing age in rabbits, although in the two very 
old rabbits investigated (60 months) a substantial decline of PV-ir 
was observed in CA1 and DG. Also, when young and very old rats 
(30 months) were comparec[ the relative OD was much lower in the 
CA1 and DG of the senescent animals. Others previously de- 
scribed a reduced amount of PV-ir dendrites throughout the hip- 
pocampus in aged Wistar rats (21). Our data suggest to us that the 
60-month-old rabbits may most closely compare to the 30-month- 
old rats, at least regarding the level of PV-ir in the hippocampus. 
Thus, aging is accomp~mied by a loss of PV-ir in neurites of 
hippocampal interneurons, whereas the number of PV-ir interneu- 
ron cell bodies does not alter in the aging rodent hippocampus. In 
contrast, the number of darkly stained CB-ir interneurons was 
significantly reduced in the hippocampal CA1 of old rabbits. This 
decline of CB-ir did, however, not occur in the later stage of the 
rabbit lifespan, but was manifest in the first 12 months of life, and 
can, therefore, be categorized as a maturation-related alteration. 
In the first 12 months ot the rabbit lifespan not only the number 
of CB-ir interneurons but also the density of CB-ir in the dentate 
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FIG. 7. The relative number of darkly stained CB-ir interneurons in the 
CA1, and (B) the relative OD of CB-ir in the granular (DG gran) and 
molecular (DG mol) layers of the DG and in the mossy fiber pathway (MF) 
in rabbits of ascending ages (in mean _+ SEM, with the mean value of rats 
aged 1 month taken as 100%). 



















FIG. 8. Relative OD in the CA1, DG, and the mossy fiber pathway (MF) 
of young (3 month) and aged (30 month) Wistar rats (in mean _+ SEM, with 
mean value of young controls adjusted to 100%; *p < 0.001, **p < 0.0001). 
between the increased intracellular calcium concentration and the 
decreased content of CB may be present in dentate granular cells 
of aged rodents. However, a functional relation in this respect 
seems unlikely because chronic application of the L-type calcium 
channel blocker nimodipine to aging rats did not influence CB-ir in 
the dentate gyms (data not shown). 
Pyramidal cells in the hippocampal CA1 are more frequently 
studied than granular cells to define the neurochemical nd neu- 
rophysiological characteristics of the aging nerve cell. Detailed 
electrophysiological analyses of CA1 pyramidal neurons have 
demonstrated an increased calcium influx in aging rabbits (5,26, 
27) and rats (20,29). The properties of CA1 pyramidal cells thus 
support the calcium hypothesis of aging (5,16), in which an in- 
creased intracellular calcium concentration is assumed to be a 
major trigger of neurodegenerative processes during aging. Previ- 
ous reports suggest hat the intracellular amount of CB plays an 
important role in the control of neuronal calcium homeostasis (3), 
and that this content alters with advancing age in CA1 pyramidal 
cells (7,38). Dutar and co-workers (7) reported less intense CB-ir 
in CA1 pyramidal cells of aged rats using a polyclonal antibody, 
which recognized the calcium-free form of CB. They suggested a 
shift from the calcium-free to the calcium-bound form of CB dur- 
ing aging. In the present study we applied a monoclonal antibody 
that recognizes the calcium bound-form (2) of CB, and did not 
observe an aging-related change in the expression of (calcium- 
bound) CB in the hippocampal CA1 of aged rats. Our data, in 
combination with the previous finding of Dutar indicate that the 
total amount of CB protein in the CA1 is reduced in aged rats, 
which is in agreement with recent data from others (38). 
The literature suggests that the distribution of CB-ir throughout 
the hippocampus of different species is not uniform (13,34). A 
most remarkable observation in the present study was the total 
absence of CB-ir in hippocampal CA1 pyramidal neurons in the 
rabbit. The lack of CB-ir in these cells was consistent in all rabbits 
examined, and cannot be attributed to procedural artifacts, as CA 1 
interneurons and dentate gyms granular cells were darkly stained 
in the same sections in which CA1 pyramidal cells were unstained. 
In addition, we stained sections from the same rabbits with a 
polyclonal antibody against CB, and did not find any labeling in 
the CA1 pyramidal cells as well (data not shown). Also in the 
human hippocampus Sloviter and colleques, using a polyclonal 
antibody, could not demonstrated immunostaining in CA1 pyra- 
midal cells (34), however, these findings were followed later by 
the demonstration of CB mRNA in these pyramidal cells (35). 
In conclusion, the distribution and age-dependent levels of PV- 
ir is similar in the rat and rabbit hippocampus. Aging is accom- 
panied by a loss of PV-ir in axons and terminals, whereas the 
number of PV-ir interneurons does not alter. The number of CB-ir 
interneurons declined in the first year of the rabbit lifespan, while 
the decrease of CB-ir in the dentate gyms was similar in rabbit and 
rat brain during aging. However, while the electrophysiological 
alterations of aged CA1 pyramidal cells from rabbit and rat brain 
are similar, CB is present in rat but not rabbit hippocampal CA1 
pyramidal neurons. Therefore, there is no necessary functional 
relation between loss of CB and increased calcium action poten- 
tials during aging in the CA1 hippocampal pyramidal neurons. 
ACKNOWLEDGEMENTS 
The authors wish to express their gratitude to J. Gast for excellent 
technical assistance, and to Dr. A. de Ruiter for helpful advice concerning 
image analysis. These studies were supported by NIH RO1 AG 06796, 
Miles Inc. and TroponWerke GmbH. P.G.M.L. and E.A.V.D.Z. were tem- 
porarily supported by a grant from the Netherlands Organization for Sci- 
entific Research (NWO). 
REFERENCES 
1. Celio, M. R.; Baier, W.; De Viragh, P.; Scharer, E.; Gerday, C. Mono- 
clonal antibodies directed against the calcium binding protein PV. Cell 
Calcium 9:81-86; 1988. 
2. Celio, M. R.; Baler, W.; DeViragh, P.; Scharer, E.; Gerday, C. Mono- 
clonal antibodies directed against calbindin D-28K. Cell Calcium 11: 
599; 1990. 
3. Celio, M. R. Calbindin D-28k, PV in the rat nervous ystem. Neuro- 
science 35(2):375-475; 1990. 
4. De Jong, G. I.; Buwalda, B.; Schuurman, T; Luiten, P. G. M. Synaptic 
plasticity in the dentate gyrus of aged rats is altered after chronic 
nimodipine application. Brain Res. 596:345-349; 1992. 
5. Disterhoft, J. F.; Moyer, J. R., Jr.; Thompson, L. T. The calcium ra- 
tionale in aging, Alzheimer's Disease: Evidence from an animal model 
of normal aging. In: Disterhoft, J. F.; Gispen, W. H.; Traber, J.; Kha- 
chaturian, Z., eds. Calcium rationale for aging: Dementia. vol. 747. 
New York: Annals of New York Academy of Sciences; 1994:382- 
406. 
6. Disterhoft, J. F.; Moyer, J. R., Jr.; Thompson, L.T.; Cutting, F. B.; 
Power, J. M. In vitro analyses of aging-related learning deficits. Soc. 
Neurosci. Abstr. 20:796; 1994. 
7. Dutar, P.; Potier, B.; Lamour, Y.; Emson, P. C.; Senut, M. C. Loss of 
calbindin-28k immunoreactivity n hippocampal slices from aged rats: 
A role for calcium? Eur. J. Neurosci. 3:839-849; 1991. 
8. Fox, R.R. The rabbit (Oryctolagus cuniculus): Research on aging. 
Exp. Aging Res. 6:235-248; 1980. 
9. Fifkova, E.; Cullen-Dockstader, K. Calcium distribution in dendritic 
spines of the dentate fascia varies with age. Brain Res. 376:357-362; 
1986. 
10. Geinisman, Y.; Bondareff, W.; Dodge, J. T. Partial deafferentation f 
neurons in the dentate gyrus of senescent rats. Brain Res. 134:541- 
545; 1977. 
11. Graves, C. A.; Solomon, P. R. Age-related isruption of trace but not 
delay classical conditioning of the rabbit's nictitating membrane re- 
sponse. Behav. Neurosci. 99:88--96; 1985. 
12. Hof, P. R.; Nimschinsky, E. A.; Celio, M. R.; Rogers, J.; Morrison, 
J. H. Parvalbumin immunoreactive n urons in the neocortex are resis- 
tant to degeneration in Alzheimer's disease. J Neuropathol. Exp. Neu- 
rol. 50:451-460; 1991. 
13. Holm, I. E.; Geneser, F. A.; Zimmer, J.; Baimbridge, K. G. Immuno- 
cytochemical demonstration f the calcium binding proteins calbin- 
din-D 28K, parvalbumin the subiculum, hippocampus, dentate area 
of the domestic pig. Prog. Brain Res. 83:85-97; 1990. 
CaBP LEVELS IN AGING RABBIT HIPPOCAMPUS 465 
14. Iacopino, A. M.; Christako:~, S. Specific reduction of calcium-binding 
protein (28 kilodalton calbindin-D) gene expression i  aging, neuro- 
degenerative diseases. Proc. Natl. Acad. Sci. USA, 8:4078-4082; 
1990. 
15. Kawaguchi, Y.; Katsumaru, H.; Kosaka, T.; Heizmann, C. W.; Hama, 
K. Fast spiking cells in rat hippocampus (CA1 region) contain the 
calcium-binding protein PV. Brain Res. 416:369-374; 1987. 
16. Khachaturian, Z. S. Towards theories of brain aging. In: Kay; Bur- 
rows, eds. Handbook of studies on psychiatry, old age. New York: 
Elseviers Science Publishers; 1984:7-30. 
17. Kirischuk, S.; Pronchuk, N.; Verkhratsky, A. Measurements of intra- 
cellular calcium in sensory neurons of adult old rats. Neuroscience 
50:947-951; 1992. 
18. Korube, N.; Inaguma, Y.; Shinohara, H.; Semba, R.; Inagaki, T.; Kato, 
K. Developmental age-dependent changes of 28-kDa calbindin-D in 
the central nervous ystem determined with a sensitive immunoassay 
method. J. Neurochem. 58:128-134; 1992. 
19. Kosaka, T.; Katsumaru, H.; Hama, H.; Wu, J.-Y.; Heizmann, C. W. 
GABAergic neurons conta:Lning the Ca2+-binding protein PV in the rat 
hippocampus dentate gyms. Brain Res. 419:119-130; 1987. 
20. Landfield, P. W. Increased calcium currents in rat hippocampal neu- 
rones during aging. In: Morad, M.; Nayler, W.; Kazda, S.; Schramm, 
M., eds. The calcium channel: Structure, function implications. Berlin: 
Springer Verlag; 1988:465;-477. 
21. Lolova, I.; Davidoff, M. Age-related morphological morphometric 
changes in parvalbumin- calbindin-immunoreactive neurons in the rat 
hippocampal formation. IV[ech. Ageing Dev. 66:195-211; 1992. 
22. Michaelis, M. L.; Johe, K.; Kitos, T. E. Age-dependent al erations in 
synaptic membrane systems for Ca 2+ regulation. Mech. Ageing Dev. 
25:215-225; 1984. 
23. Michaelis, M. L. Ca 2÷ handling systems: Neuronal aging. In: Khacha- 
turian, Z. S.; Cotman, C.W.; Pettegrew, J. W., eds. Calcium, mem- 
branes, aging, Alzheimer's disease. New York: Annals of the NY 
Academy of Science; 1989:89-94. 
24. Michaelis, M. L.; Foster, C. T.; Jayawickreme, C. Regulation of cal- 
cium levels in brain tissue from adult aged rats. Mech. Ageing Dev. 
62:291-306; 1992. 
25. Mietinen, R.; Sirvio, J.; Riekkinen, P. Sr.; Laakso, M. P.; Riekkinen, 
M.; Riekkinen, P., Jr. Neccortical, hippocampal, septal parvalbumin-, 
somatostatin-containing eurons in young, aged rats: Correlation with 
passive avoidance, water maze performance. Neuroscience 53(2):378; 
1993. 
26. Moyer, J. R.; Thompson, L. T.; Black, J. P.; Disterhoft, J. F. Nimo- 
dipine increases excitability of rabbit CA1 pyramidal neurons in an 
age-, concentration-dependent ma ner. J Neurophysiol. 68(2):2100- 
2010; 1992. 
27. Moyer, J.R.; Disterhoft, J. F. Nimodipine decreases calcium action 
potentials in rabbit hippocampal CA1 neurons in an age-dependent, 
concentration-dependent ma ner. Hippocampus 4:11-18; 1994. 
28. Paxinos, G.; Watson, C. The rat brain in stereotaxic oodinates. Lon- 
don: Academic Press; 1986. 
29. Pitier, T. A.; Landfield, P. W. Aging-related prolongation of calcium 
spike duration in rat hippocampal slice neurons. Brain Res. 508:1-6; 
1990. 
30. Rasmussen, H.; Barrett, P.; Smallwood, J.; Bollag, W.; Isales, C. Cal- 
cium ion as intracellular messenger, cellular toxin. Environ. Health 
Perspect. 84:17-25; 1990. 
31. Reynolds, J. N.; Carlen, P.L. Diminished calcium currents in aged 
hippocampal dentate gyrus granule neurones. Brain Res. 479:384-390; 
1989. 
32. Shek, J. W.; Wen, G. Y.; Wisniewski, H. M. Atlas of the rabbit brain, 
spinal cord. Basel: Karger; 1986. 
33. Si~sjo, B. K.; Wieloch, T. Brain ischemia, cellular homeostasis. In: 
Goodman, T.; et al., eds. Calcium entry blockers, tissue protection. 
New York: Raven Press; 1985:139-149. 
34. Sloviter, R. S.; Sollas, A. L.; Barbaro, N. M.; Laxer, K. D. Calcium 
binding protein (calbindin-D28K) and parvalbumin immunocytochem- 
istry in the normal and epileptic human hippocampus. J. Comp. Neu- 
rol. 308:381-396; 1991. 
35. Sutherland, M.K.; Wong, L.; Somerville, M.J.; Yoong, L. K. K.; 
Bergeron, C.; Parmentier, M.; McLachlan, D. R. Reduction of caibi- 
ndin-28K mRNA levels in Alzheimer as compared to Huntington hip- 
pocampus. Mol. Brain Res. 18:32-42; 1993. 
36. Thompson, L. T.; Deyo, R. A.; Disterhoft, J. F. Nimodipine nhances 
spontaneous activity of hippocampal pyramidal neurons in aging rab- 
bits at a dose that facilitates associative l arning. Brain Res. 535:119- 
130; 1990. 
37. Thompson, L. T.; Disterhoft, J. F. Trace eyeblink conditioning differ- 
entiates by age: Moderate, severe behavioral impairment in older rab- 
bits. (submitted). 
38. Villa, A.; Podini, P.; Panzeri, M. C.; Rachetti, G.; Meldolesi, J.; Cy- 
tosolic Ca 2+ binding proteins during rat brain ageing, loss of calbindin, 
retinin in the hippocampus with no change in the cerebellum. Eur. J. 
Neurosci. 6:1491-1499; 1994. 
